Background: Microtubules in interphase Schizosaccharomyces pombe are essential for maintaining the linear growth habit of these cells. The dynamics of assembly and disassembly of these microtubules are so far uncharacterised.
Background
Microtubule dynamics have an important role in many cellular processes in eukaryotes. Microtubules polymerise by addition of polar heterodimers containing a and b tubulin to microtubule ends. Plus ends typically undergo slow growth with stochastic switching to rapid disassembly and subsequent rescue to growth again in a process termed dynamic instability [1] . Dynamic instability not only allows rapid reorganisation of the microtubule cytoskeleton at the onset of mitosis [2] , but may also enable the interphase microtubules to explore the entire volume of the cell efficiently [3] . Treadmilling, whereby microtubule plus ends grow and minus ends shrink synchronously, has been observed in vivo [4] , and can turn over tubulin within apparently static microtubules [5] .
The microtubule cytoskeleton in the fission yeast S. pombe has been extensively described in fixed specimens (reviewed in [6] ). Initially, the dynamic properties of the mitotic spindle could only be inferred from such fixed specimens (see for example [7, 8] ) or by following nuclear or chromatin separation [9, 10] . More recently, green fluorescent protein (GFP) fusions have permitted a more direct visualisation of microtubules during meiosis [11] , mitosis and interphase in live cells [12] , although microtubule dynamics were not measured. Nabeshima et al. [13] used a GFP fusion to the spindle pole body (SPB) protein Sad1 and GFP-tagged centromeric DNA for a detailed study of the dynamics of SPB and centromere separation during mitosis. They observed three phases of spindle elongation, corresponding to prophase, metaphase and anaphase B. Mallavarapu et al. [14] using a fusion of GFP and a2 tubulin found a switch from rapid microtubule turnover during metaphase to slow turnover during anaphase, with no evidence for poleward microtubule flux. They also used patterned photobleaching to demonstrate that S. pombe anaphase spindles elongate by sliding of overlapping microtubules. Observation of S. pombe interphase microtubule dynamics requires three-dimensional imaging of live cells with high time resolution for extended times and has not been hitherto reported.
The microtubule cytoskeleton in post-anaphase S. pombe is thought initially to consist mainly of single microtubules, but following loss of the post-anaphase array, it forms three to eight distinct structures that may be bundles [7] , each consisting of multiple microtubules (reviewed in [6] ). The microtubule bundles extend along the long axis of the cell, often reaching the ends of the cell, but not usually bending completely around the end [6, 15] . In S. pombe the interphase microtubules both position organelles (see for example [16] [17] [18] ) and ensure the fidelity of linear polarised cell growth [19] [20] [21] [22] . Microtubules are required for continuous delivery of the protein Tea1 to the ends of the cell [15] , which in turn is required for the localisation of Pom1 [23] , and both proteins are required for linear polarised growth. The role of microtubule assembly-disassembly dynamics in these processes is not clear.
Results and discussion

Organisation of interphase microtubules in S. pombe
We examined the dynamics of interphase microtubules in S. pombe cells expressing an enhanced GFP (EGFP) fusion of a1 tubulin, using both widefield epifluorescence and confocal laser scanning microscopy (CLSM). Microtubules were arranged in structures oriented along the long axis of the cell; these structures were uniformly fluorescent along their length (Figure 1c-e) , apart from a bright region of approximately doubly intense fluorescence that was typically (though not always) present close to the midline of the cell (Figure 1f,g ). The ends of these structures were well defined and remained so as the structures grew (Figure 1c,e) or shrank, and the ends were equivalently dynamic (see below). A minimal structural model would thus consist of two oppositely directed single microtubules, with an antiparallel overlap close to the midline of the cell (Figure 2 ).
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Figure 1
Microtubule fluorescence intensity scans. (a,b) S. pombe cells expressing the EGFP-a1-tubulin fusion protein (strain spdd33) were grown at 24-25°C until early log phase, then fixed and examined by confocal microscopy. Both (a) and (b) show a stereo projection of one cell which contains the anaphase spindle (4) and associated astral microtubules (5), together with newly forming microtubules of differing intensities (1) (2) (3) . The cell in (a) is 12.5 mm and that in (b) 11. Earlier electron microscopic and immunofluorescence data (reviewed in [6] ) suggests, however, that interphase S. pombe microtubules are bundled, overlapping with a neighbour along most or all of their length. To try to test this point, we examined cells during establishment of the post-anaphase array, when short, freshly nucleated microtubule structures emanate from the (equatorial) organising centres. Microtubule structures of distinctly different intensities were indeed observed ( Figure 1a , microtubules 1-3), confirming that microtubule bundling is occurring at this stage of the cell cycle and of microtubule assembly. It is not clear, however, how these short bundles relate to the longer structures present during interphase (Figure 1d,f) . For this reason we will refer to these longer structures conservatively as interphase microtubule assemblies (IMAs). IMAs behave as if they comprise two single microtubules, arranged plus ends outward and overlapping towards the centre of the cell. This contrasts with the previous proposal of an entirely parallel arrangement [15] . On the basis of the earlier evidence [6] , we speculate that each IMA is a bundle consisting of multiple copies of the 'two-antiparallel-microtubules' motif, in which case an additional and interesting problem arises concerning the mechanism by which neighbouring microtubule ends in the IMA coordinate their dynamics.
Dynamic instability of IMAs
Time-lapse CLSM was used to follow the IMAs in strains expressing an EGFP-a1-tubulin fusion ( Figure 3a ) and a complete series of 13 0.36 µm z-sections was collected in 18-23 seconds. The EGFP-a1-tubulin has no significant effect on either the growth rate of cultures or the rate of spindle elongation and chromatin separation during mitosis (see Supplementary material). The complete three-dimensional arc of the IMAs was digitised (Figure 3b,c) . Figure 4 plots the coordinates of the IMA ends against time. The two ends of each IMA appeared to grow and shrink independently. The mean rates of growth and shrinkage of individual IMA ends were determined ( Table 1 ). The distribution of rates for IMAs with both ends not in contact with the cell ends is shown in Figure 5c . We will refer to the switching between periods of growth and shrinkage as IMA catastrophe, and between shrinkage and growth as IMA rescue, although it is not clear that these events are truly analogous to the switching observed in single microtubules. As the properties of the IMA ends may be different at cell ends (see below) the rates were calculated for IMAs with ends within the central 80% of the total cell length ( Table 2) . Our rates for both IMA growth and shrinkage in S. pombe, together with those for IMA catastrophe and rescue, fall within the range observed for individual microtubules in other cells (see Supplementary material). The large variance we observed is consistent with the high intrinsic variability in rates found even in purified tubulin [24] .
IMAs turn over by growth and shrinkage at their ends
A photobleached zone in an IMA remained intact and of apparently constant size ( Figure 6 ). Thus, there did not appear to be significant bulk turnover or sliding [25] of the microtubules within the IMAs in interphase. In the eight IMAs examined, growth and shrinkage of the two surrounding unbleached zones occurred independently of each other and at independent rates (Figure 6c,d ). The small movements of some of the bleached patches that were observed ( Figure 6a ) were consistent with a translational movement of the entire microtubule structure within the cell, often in combination with contact of one end of the IMA with the end of the cell. For example, in Figure 6a an IMA end (green marker) loses contact with the cell end. These observations suggest that IMA growth and shrinkage occur by polymerisation and depolymerisation at the IMA ends. Furthermore, no gradual fading or fraying of IMA ends was observed in confocal or epifluorescence images, suggesting that if each half of the IMA structure is composed of multiple microtubules, then coordinated switching of the individual microtubules occurs. Thus, the observed properties of the ends of the IMA structure are consistent with either single microtubules or multiple microtubules with concerted dynamics.
IMA ends concentrate at cell ends
A plot of the distribution of IMA microtubule ends within the cell (Figure 5a ) shows that in 35% of observations the IMA ends are located in a region delineated by a transverse line at 20% of the half-cell length from the cell tip (see Figure 2 ). We have designated this region, which comprises only ~10% of the half-cell volume, the end zone. It was difficult to determine growth and shrinkage for ends in contact with the end of the cell. We therefore calculated the dwell time, defined as the time for a IMA end to enter and exit from the end zone. The minimum mean dwell time of 72 ± 61 sec (mean ± SD, n = 39) is an underestimate of the true value as it includes episodes where the end of the IMA is still within the end zone at the end of the observation period.
IMA rescue occurs in the middle of the cell
Rescue events also appeared non-random within the central zone of the cell; of 15 IMAs observed to shrink back to within 0.5 mm of the centre of the cell, only seven continued shrinking 0.5 mm beyond the centre of the cell (see Figure 4) . The brighter zone observed in some microtubules (Figure 1d ,f) often, though not always, occurs close to the centre of the cell, and may be involved in the concentration of rescue events in this region. Microtubules treated with a depolymerising drug also shrink back to short microtubules close to the nucleus, and subsequently grow back from the same position [15, 22] . We also observed newly formed microtubules originating close Research Paper S. pombe interphase microtubule dynamics Drummond and Cross 769
Figure 4
Life-history plots of IMAs. Using digitised data from the cell in Figure 3 , the distance of the IMA ends from the centre of the cell was plotted against time, together with the position of the cell tips (upper panels). Positive distances from the centre of the cell correspond to the left-hand side of the cell as displayed in Figure 3 , and negative distances the right-hand side. The total length of IMAs was calculated as the sum of the linear distances between the digitised points along the IMA and, together with the total cell length, was plotted against time (lower panels). Top panels: upright grey triangles, cell tip 1; black circles, adjacent IMA end 1; inverted grey triangles, cell tip 2; black squares, adjacent IMA end 2. Bottom panels: grey diamonds, total cell length (mm); grey circles, IMA total length (mm). to the cell centre (such as microtubule 4 in Figure 1 ) and therefore close to the presumed site of microtubule nucleation at the g-tubulin-containing SPB at the nucleus [26] . The most obvious possibility is for microtubules in the IMAs to be oriented with their less dynamic minus ends close to the nucleation site at the cell centre and their more dynamic plus ends towards the cell ends (see Figure 2) . This remains to be tested directly, however.
Increasing cell length does not affect IMA dynamics
The effect of increasing cell length on IMA behaviour was examined by blocking DNA synthesis using hydroyurea (HU). The treated cells do not enter mitosis, but cell growth continues, resulting in an increase in cell length from 11.0 ± 0.7 mm (mean ± SD, n = 4) in the untreated cells to 19.9 ± 2.0 mm (mean ± SD, n = 4) in the HU-treated cells. The growth and shrinkage rates of microtubule ends when not in contact with the cell ends were not significantly different from the rates in untreated cells (Table 1) . Although some microtubules were again observed to grow to the ends of the cell before shrinking back, others paused closer to the middle of the cell, resulting in a less polarised distribution of the microtubule ends within the cell (Figure 5b ). Microtubules in extremely long cells fail to reach the cell ends [27] ; it may be that in longer cells the intrinsic catastrophe and rescue frequencies become more significant than contact with the cell ends in limiting microtubule length. Of the five IMAs observed to shrink to within 0.5 mm of the centre of these long cells, all rescued within 0.5 mm of the centre. Some IMAs in these cells must shrink beyond this point, although none were observed, as several IMAs were observed with both ends within one half of the cell. The rates of both catastrophe and rescue for free IMA ends were slightly reduced in HU-treated cells compared with untreated cells (0.8-fold and 0.6-fold, respectively; Table 2 ); whereas the dwell time of the IMA ends in the end zone was similar to that in untreated cells at 85 ± 59 seconds (mean ± SD, n = 25).
The rate of IMA elongation is reduced by contact with cell ends
The overall IMA elongation and shrinkage rate was measured as the rate of change in IMA contour length ( Table 1 ). The rate of IMA growth was significantly reduced by almost twofold when both ends of the IMA were in contact with the ends of the cell, both in normal length cells and in the longer, HU-treated, cells. There was also a significant reduction in the measured IMA Time series confocal images were recorded of S. pombe cells expressing an integrated copy of the EGFP-a1-tubulin fusion protein (strain spdd33) grown at 24-25°C. Cells were either untreated, with mean cell length of 11.0 ± 0.7 mm (n = 4) or HU-treated, resulting in a mean cell length of 19.9 ± 2.0 mm (n = 4). Data obtained from the same group of cells is also shown in Figure 5 . The microtubule positions in the 3D data sets were digitised and, after correcting for cell movement between confocal time points, the rate of movement of the individual microtubule ends between time points was determined.
Rates were categorised as having neither end of the IMA in contact with the ends of the cell (both ends free); only the opposite end, to the end for which the rate is given, in contact (other end contact); only the end for which the rate is given in contact (this end contact); or both ends of the IMA in contact (both ends contact). The total length of the IMA was determined as the sum of the distance between the digitised points along its length. The rate of growth or shrinkage between time points for the entire IMA length was determined. Rates were compared using either the t-test or Fisher-Behrens procedure. Where no indication is given there was no significant difference at p = 0.05.
shrinkage rate; however, this is at least partly due to a sampling artefact, as faster-shrinking IMAs will rapidly lose contact with the cell ends.
IMAs in contact with cell ends bend under compression
As IMA ends were driven into cell ends, the IMAs continued to grow and started bending. This was most obvious using a cooled CCD camera to record a single focal plane of an epifluorescence image more rapidly than a complete z series could be acquired using the confocal microscope ( Figure 7 ). Following contact with the end of the cell, the microtubules became curved in one or two planes. Upon shrinkage, the flexed structure was often observed to snap back to a linear form (Figure 7a ; 0 and 14.3 second time points). Similar behaviour was observed in wild-type cells of different lengths (Figure 7a ,b) and in a wee1 deletion strain which has smaller cells than wild type [28] ( Figure 7c ). Although the wee1 deletion cells are smaller, microtubules can still undergo a similar degree of bending to that observed in the longer wild-type cells (compare left-hand cells in Figure 7c at 0 and 9.3 seconds with Figure 7b at 119.7 seconds or Figure 7a at 0 seconds). The IMAs do not fold around the ends of the cell, nor are they more readily arrested in their growth at the cell ends. One IMA in a normal length cell was apparently observed to break (Figure 7b , between 119.7 and 124.4 seconds), but given the limits of microscope resolution, we cannot exclude the possibility that this was in fact two adjacent IMAs that separated under the applied force. Microtubule breakage induced by bending has been observed in other cell types in vivo, and increased microtubule curvature correlates with increased frequency of breakage [29] . Our data suggest that breakage, even of curved microtubules, is rare in S. pombe.
The correlation between IMA bending and contact with cell ends was evaluated (Figure 5d ). IMAs often became extremely curved when both their ends were in contact with the ends of the cell, whereas no extreme curvature of IMAs with free ends was observed (Figure 5d ). In longer HUtreated cells, extreme bending also only tended to occur when both ends of the IMA were in contact with the cell ends (Figure 5d ). Some bending did occur when only one, or even no, IMA ends were in contact with the cell ends, consistent with a greater flexibility of the longer IMAs.
Implications for previous models of interphase microtubule dynamics in S. pombe
Previous models for the mechanism of interphase microtubule organisation in S. pombe fall into two classes: one requires a pre-existing pole-defining factor to direct the microtubules to the ends of the cell; whereas the other relies on self-organisation of microtubules [15] . Our observations are consistent with the second type of model, with the inherent flexural rigidity of microtubules [30, 31] tending to orient them along the long axis of the cell, and the cell-endspecific effects on growth rates serving to recruit IMA ends to cell ends. Our observations are also consistent with the mechanism proposed by Mata and Nurse [21] , in which repeated arrival at the ends of the cell by the few IMA ends present ensures a time-averaged even delivery to the whole cell end of factors involved in polarised growth.
What limits microtubule growth at cell ends? Mata and Nurse [15, 21] have proposed that the protein Tea1, which localises at cell and some microtubule ends, stabilises microtubules at the cell ends, forming part of a positive feedback loop that regulates delivery of Tea1 to the ends of the cell. Overexpression of Tea1 leads to a reduction in microtubule length, so that microtubule ends fail to reach the ends of the cell, whereas loss of Tea1 permits some microtubules to bend around the end of the cell [15] . Our observations are consistent with such a model, but suggest as a second possibility that compressive forces, acting on the microtubule ends when the IMA curves and flexes upon contact with the cell ends, may reduce the microtubule growth rate. Such compressive forces slow elongation of single microtubules in vitro [32] and have been proposed to affect microtubule growth in vivo [33, 34] . Both possible mechanisms can accommodate variable cell lengths, as we observed.
Verde et al. [35] have modelled the microtubule dynamics of an in vitro system on the basis of four parameters: the growth, shrinkage, catastrophe and rescue rates. They identify two regimes: the unbounded state, in which microtubule growth is continuous on average; and the bounded state, in which the microtubules have a characteristic mean length and shrinkage of some microtubules back to zero length can occur. Our measured values would place the microtubules in the unbounded regime before collision with the ends of the cell, and in the bounded regime following reduction of the microtubule growth rate by contact with the cell ends. This suggests that the system is poised between the two regimes, and that switching can be achieved by a modest change in the one parameter of growth. We note, however, that the large variance in the measurements means that the confidence limits of the values overlap both states.
Mitosis
We have also examined mitosis in cells expressing the EGFP-a1-tubulin fusion (see Supplementary material). We found that mitotic spindle elongation could be divided into up to three distinct elongation rates, as found by Nabeshima et al. [13] , although we found that the initial rate of spindle elongation was slower than previously observed. Following patterned photobleaching of The frequency of switching from growth to shrinkage (catastrophe) and shrinkage to growth (rescue) of the microtubule IMAs was determined for the untreated or HU-treated cells (strain spdd33) described in Figure 6 and Table 2 . Only microtubule IMAs with ends inside the central 80% of the cell length were analysed (see Figure 2) . This excluded the final 20% of the cell length (the end zones containing about 10% of the half-cell volume) and those microtubule ends which were close to or in contact with the ends of the cell. The numbers in parentheses indicate the total number of observations.
Figure 6
Photobleaching of EGFP microtubule fluorescence during interphase. S. pombe cells (strain spdd33) expressing an integrated copy of the EGFP-a1-tubulin fusion protein were grown at 24-25°C. Small areas of the cells were photobleached using an increase in both the optical zoom of the confocal microscope and in the excitation laser power. mitotic spindles, we observed elongation of the spindle by a sliding mechanism and also found no evidence for treadmilling of microtubules within longer anaphase spindles, as reported by Mallavarapu et al. [36] .
Conclusions
We propose a symmetrical model for microtubule packing within the IMAs, in which microtubules have their plus ends outwards and overlap close to the equator of the cell. IMAs may contain multiple copies of this motif; if so, then within each IMA end, the microtubule ends must synchronise catastrophe and rescue. The intrinsic stiffness of IMAs may help to orient them along the long axis of the cell. IMAs are not present in the budding yeast Saccharomyces cerevisiae [37, 38] , and may therefore be a specialisation in S. pombe to support its characteristic linear growth. It would be interesting to compare microtubule dynamics in cells such as plant root hairs, where the microtubules have a similar function [39] . The length of IMAs is dynamically controlled by sensitivity of the growth rate to contact with the cell ends and bending caused by compression of the IMA, which specifically reduces the overall growth rate by about twofold. The consequence of the mechanisms described is continuous self-reorganisation of microtubule trackways leading to the ends of growing cells, supporting microtubule-based transport into the cell ends and qualitatively accounting for the essential role of microtubules in directing linear cell growth in S. pombe.
Materials and methods
Constructs and strains
Standard methods were used to clone and construct genes encoding fusions of EGFP to the amino terminus of the S. pombe a1 tubulin, and to create S. pombe strains containing an integrated copy of the gene fusion expressed under the control of an inducible promoter (in addition to its endogenous a1 tubulin gene). Methodological details are described in the Supplementary material.
Microscopy
For live cell imaging, S. pombe from early log-phase cultures were placed on a thin layer of agarose in culture medium and sealed under a coverslip (see Supplementary material). Confocal laser scanning microscopy (CLSM) images were recorded using a Bio-Rad MRC1024MP with a Zeiss axiovert microscope and Zeiss c-apochromat ´63 1.2NA water immersion objective lens. The 488 nm krypton-argon laser line was used for excitation of EGFP with a 522df35 bandpass filter in the detection path for the emitted light. Maximum intensity projection views of confocal images were generated using Lasersharp v3.2 software. Epifluorescence images were captured using a Nikon Eclipse 800 microscope with a Nikon x60
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Figure 7
Bending of interphase microtubules. (a,b) Wild-type S. pombe cells expressing an integrated copy of the EGFP-a1-tubulin fusion protein (strain spdd33); or (c) a wee1 deletion strain (which divides at a smaller than normal cell size [28] ) containing a multicopy plasmid pEGFP41tuba1 expressing the EGFP-a1-tubulin fusion protein (strain spdd95), were grown at 24-25°C. Epifluorescence images of EGFP-a1-tubulin in a single focal plane were recorded using a cooled CCD camera. Individual frames with the elapsed time in sec are shown. The scale bar represents 10 mm. The upper IMA in the left-hand cell in (b) appears to break between the 119.7 and 124.4 sec frames.
1.4NA oil immersion objective lens, a Hamamatsu c4880-80 cooled CCD camera and Openlab v1.7.7 software. The 'Endow GFP bandpass filter set' (Chroma Technology Corp) was used for detecting EGFP fluorescence. All images were imported into Adobe Photoshop v5.5 for adjustment of brightness and contrast, and merging of false-colour images before final output.
Microtubule measurements
Confocal and epifluorescence images were imported into the public domain NIH Image program developed at the US National Institutes of Health running on a Macintosh 9500 computer, and fluorescence intensity line scans recorded. A custom-written macro '3-D measure' was used to manually digitise the position of the microtubules in confocal images (available on the Internet at http://mc11.mcri.ac.uk/motorhome.html). This macro outputs the x, y, z coordinates of the digitised points together with the actual distance between the points calibrated in micrometres.
Digitised data were imported into the Excel spreadsheet in Microsoft Office 98 and the Kalidagraph v3.05 graphing program (Abelbeck Software) for analysis and output. The positions of the digitised data points were converted to coordinates calibrated in micrometres using the Excel spreadsheet and output as a PDB format file [40] ; see also The Research Collaboratory for Structural Bioinformatics, http://www.rcsb.org/pdb/) that could be read by the molecular graphics program Rasmol v2.6 (from Roger Sayle, http://www.umass.edu/microbio/rasmol/). The approximate location of the cell wall was represented using a line of spheres. The mean diameter of the cell was used to calculate the diameter of the display spheres, and their centres were placed along the line between the two digitised points representing the tips of the cell, with the surface of the final hemispheres intersecting the tips of the cell.
Microtubule calculations
Microtubule spindle lengths were measured by summing the true threedimensional distances between the digitised points along the spindle. Lengths were plotted against time, and elongation rates determined by linear regression analysis of the spindle length data using Kalidagraph v3.05 software. In interphase cells, the positions of the microtubule ends are calculated as the distance from the end of the microtubule IMA to the tip of the cell. The centre of the cell is the midpoint of the two cell tips and the positions of the microtubule end points are plotted relative to this midpoint. To calculate the rate of movement of the ends of the microtubule IMAs, their positions were first normalised relative to the positions of the cell tips to correct for any drift in the position of the cell between confocal scans, and then the movement of the microtubule end between timepoints was calculated. Movement towards the cell tip is positive. The statistical significance of the differences between mean rates was calculated using either the t-test, when there was no significant difference between the sample variances, or the Fisher-Behrens procedure for unequal variances [41] .
Supplementary material
Supplementary material, including further methodological detail and movies containing complete time-lapse sequences of the microscopic images in Figures 2,6 ,7,S1, is available at http://current-biology.com/ supmat/supmatin.htm.
